Populations of the planktonic diatom Aulacoseira skvortzowii in Lake Baikal developed below 4uC, with mortality increasing rapidly at temperatures above 6.5uC. Resting spores were produced before the temperature rise associated with summer stratification. The main cue for sporulation was a decline in phosphate concentration below 15-20 mg L 21 P-PO 4 . If phosphate declined after the onset of stratification, sporulation was poor. In culture, all cells sporulated when phosphate limited but only 15% did so when nitrate limited. Also, spore formation was diameter dependent, with most narrow cells switching to size regeneration. This affected population dynamics, with high biomasses developing in the south and middle basins but only rarely in the north basin, because phosphate did not always fall below the induction threshold necessary for sporulation and size regeneration, leading to poor recruitment. In culture, germination occurred when spores were placed in new media, with stored reserves sufficient to complete two to three divisions, even in the dark. This helped populations re-establish when resuspended by wave action from coastal sediments where they lay dormant during summer.
Lake Baikal is the world's oldest and deepest lake and one of the few places where diatom resting spores are found in an open lake environment (Edlund et al. 1996; Likhoshway et al. 2004) . Spores were first reported in the lake 70 yr ago by Skvortzow (1937) . Later, Skabichevsky (1953 Skabichevsky ( , 1960 gave a detailed description of their formation but the taxonomy of the species was uncertain until Edlund et al. (1996) proposed that Lake Baikal's spore-forming population was morphologically distinct from the widely distributed Aulacoseira (Melosira) islandica (O. Mü ll.) Simonsen and should be considered a separate species, which they named Aulacoseira skvortzowii Edlund, Stoermer & Taylor. Recent molecular studies have suggested that A. skvortzowii and another Aulacoseira species occurring in Lake Baikal, Aulacoseira baicalensis (Meyer) Wislouch (Babanazarova et al. 1996; Popovskaya et al. 2002) , are the closest among living forms to extinct taxa of the genus and may have separated from each other within the lifetime of the lake (i.e., less than 25 million yr) (Sherbakova et al. 1998; Edgar and Theriot 2004) . However, this does not necessarily mean they are endemic, because spore-forming species similar to A. skvortzowii have been discovered in other Asian sites, including high mountain lakes Bondarenko 2001, 2004) , Lake Khanka/Xingkai (Genkal and Schure 2000) , and River Amur (Likhoshway et al. 2004) . As a result, Popovskaya et al. (2002) concluded that the systematic status of this complex needs additional research. Spores are also found in fossil deposits (Edlund et al. 1996; Likhoshway et al. 2004) , where their apparent greater abundance may be an artifact due to the better preservation of their thicker cell wall. In extant diatom populations, spores have been found in several other Aulacoseira species and some other genera but they are generally relatively rare in freshwaters (Edlund et al. 1996) . The commonest occurrence of diatom resting spores is in temperate marine neritic habitats (McQuoid and Hobson 1996; Kuwata and Takahashi 1999; McQuoid and Godhe 2004) and one of the aims of this study was to investigate whether spore formation occurred in a similar niche in Lake Baikal.
Studies of Lake Baikal phytoplankton populations stretch back over a century, with the foundations of seasonal change laid down by Skabichevsky (1929) and Yasnitsky (1930) . Other early studies of A. skvortzowii and A. islandica in Russian lakes have been reviewed by Skabichevsky (1960) and Lund (1966) . After 1946, systematic long-term studies of phytoplankton populations were started (see Anitpova in Kozhov 1963; Bondarenko 1999; Popovskaya 2000) that found large interannual variations in cell numbers of A. skvortzowii and A. baicalensis. Other recent studies have also looked at spatial variation of phytoplankton pigments ; Heim et al. 1 To whom correspondence should be addressed. Present address: 96 Desertmartin Road, Magherafelt, Co. Derry BT45 5HE, United Kingdom (d.jewson@btinternet.com). 2005) and species (Kozhova 1987; Bondarenko et al. 1996) , including the distribution of cells near thermal bars ).
An important step toward gaining a fuller understanding of diatom population dynamics, reducing uncertainty over taxonomy, and investigating speciation requires a better knowledge of the function and adaptation of morphological features and how they can lead to niche separation. To do this, we need to know more about the underlying ecological pressures for selection throughout the life cycle. Therefore, information from a multidisciplinary study over an 11-yr period (1994 to 2005) was used to investigate this in A. skvortzowii. In particular, the ways in which reproductive and dormant stages were adapted to the environment in Lake Baikal, where the lake is frozen for 4 to 6 months each year but the water column remains oxygenated throughout its great depth (1,636 m) (Kozhov 1963; Weiss et al. 1991; Kozhova and Izmest'eva 1998) , mainly due to differences in density between layers that can lead to instability and deep water mixing (Weiss et al. 1991; Shimaraev et al. 1993; Wü est et al. 2005 ).
Methods
Routine water samples were collected every month, or as conditions allowed, from a mid-lake station between Tankhoi and Listvyanka in the south basin (51u42.049N, 105u00.039E) from 1994 to 2005 (Fig. 1) . The depths used were 0, 5, 10, 15, 25, 50, 100, 150, 250, 500, 750, 1, 000, 1, 200 , and 1,400 m unless otherwise stated. During ice-free months, depth samples (0-1,600 m) were also collected in the middle basin at the midpoint between Ukhan and Tonky (52u54.849N, 107u31.759E) and at two sites in the north basin, midpoint between Elohkin and Davsha (54u27.79N, 109u03.739E) and midpoint between Baikalskoe and Turali (55u19.159N, 109u29.519E) (Fig. 1) . Water samples were collected using 3-liter closing bottles. Phytoplankton cells were preserved by adding Lugol's iodine to 1.5 or 3 liters of lake water immediately on collection. Samples were later concentrated by allowing cells to settle for 10 d, then reducing the volume to 30 mL by gentle siphoning. Cells were counted in settlement chambers on an inverted Olympus IM microscope. Measurements were made at 3500 using a digital video measurement and analysis system, model RMC-D4 (Brian Reece Scientific). Accuracy was better than 60.5 mm but measurements were made to the nearest 1 mm. Live spores in the sediment were counted using autofluorescence (Leitz Dialux 20 EB epifluorescent microscope). Samples for scanning electron microscope observation were air dried onto a brass stub and then sputter coated with gold and observations made using a JEOL JSM 840 operating at 25 kV.
Spores for culturing were collected by divers from sandy sediments in 5-to 25-m water depth at Bolshoi Koty and Cape Khadilny. Live cells were collected under the ice by vertical net hauls and immediately diluted with either filtered lake water or culture media and placed in a vacuum flask. In the lakeside laboratory at Listvyanka Museum, spores or filaments were washed and placed into 5-mL glass vials and transported to the University of Ulster in cooled containers. Single spores or filaments were then rewashed with sterile culture media and placed in individual chambers of flat-bottomed, multiwell tissue culture plates. These contained 24 chambers (2.5 mL) of 16-mm diameter (3820-024, Iwaki or Falcon 3047, Becton Dickson). Multiple isolates were relatively easily inspected and maintained with this procedure.
The culture media contained sodium nitrate (357 mmol
, and sodium silicate (97.8 mmol L 21 ). The media (made up in 1-liter flasks) was decreased to pH 4 before autoclaving to prevent precipitation of salts. Afterward, 10% (1 mol L 21 ) sodium carbonate was added to raise the pH to approximately 6, with final adjustment to 7.5-7.8 using 0.1 mol L 21 sodium bicarbonate.
Resting spore experiments were carried out in an illuminated Phytotron kept in a constant-temperature room, using fluorescent tubes (cool white Osram 30 W) Fig. 1 . Map of Lake Baikal, Siberia, showing the isobaths at 400 and 1,000 m. The four main sample sites for seasonal depth sampling were (1) mid-lake station between Listvyanka and Tankhoi in the south basin, (2) midpoint between Ukhan and Tonki in the middle basin, (3) mid-lake station between Elohkin and Davsha, and (4) mid-lake station between Baikalskoe and Turali in the north basin.
with an irradiance of 10-15 mmol m 22 s 21 and 8 : 16 light : dark (LD) cycles, unless otherwise stated. Cell numbers in microtiter plate chambers were counted once or twice daily on an inverted microscope (Olympus, model IM), which minimized disturbance. The experiments on the effect of temperature were also carried out with an illuminated, cooled incubator (Gallenkamp INF-781-T). Growth rate estimates at each new temperature were only started after one division had been completed and then rates were averaged for the next three or four doublings. Replicates (15 to 25) were made at each temperature. The mortality rates were estimated from five replicates for each temperature and based on visual observation of degeneration of cell contents and failure of further division.
Irradiances were measured with Li-Cor Ll-185B and Ll-190SB quantum sensors (Li-Cor). Silicate, phosphate (error 61.5%), and nitrate (error 64%) were measured by standard colorimetric methods (Stroganov and Buzinova 1980; Wetzel and Likens 1991) . Temperature profiles were made with conductivity-temperature-depth models AML-12 (Applied Microsystems) and SBE-25 (Sea-Bird Electronics).
Results
Morphology-A. skvortzowii usually formed short filaments of one to four vegetative cells (Fig. 2c ) but longer filaments up to and above eight cells also occurred. Resting spores were formed endogenously, i.e., a single spore was formed within the parent cell. Figure 2d shows two adjacent daughter cells where each has undergone an initial division to form a rounded epivalve. The other curved hypovalve was then formed after another division (Fig. 2b,e) . The majority of cell contents were withdrawn into the spore. Any remaining chloroplasts (Fig. 2d ) degenerated once the cross-walls were complete (Fig. 2e) . The spore then became densely packed with storage products (Fig. 2e) .
A. skvortzowii also formed resting cells, which contained rounded plastids but showed no observable change to the cell wall or accumulation of storage products (see upper cell, Fig. 2e ). This mostly occurred in cells that sank into aphotic conditions below the convective mixing zone but was also observed in some cells that failed to form spores (Fig. 2e , left cell).
Growth and spore formation in culture-The optimum temperature for normal vegetative cell division in A. skvortzowii was between 3.5uC and 6.5uC in irradiances of 65 mmol m 22 s 21 and photoperiods of 8 : 16 LD (Fig. 3) . The mean doubling time of 13 isolates at this temperature was 2 d, but one clone achieved a sustained doubling time of 1.7 d. At temperatures above 6.5uC, growth rates rapidly declined and mortality increased, with little or no growth above 15uC (Fig. 3) . Cells seemed particularly vulnerable during division, with cells lengthening but failing to form the cross-walls of new daughter cells. Their chloroplasts and other contents then deteriorated, so that 30% of cells died during division at 9.5uC and 88% at 15uC (Fig. 3) .
Spores began forming in cultures within 2 d of exponential growth ceasing. In phosphate-limited cultures, up to 72% of cells completed spore formation (both morphological changes and accumulation of storage products) within 9 d. In nitrogen-limited cultures, only 15% of cells produced spores, with formation peaking after 5 d and then ceasing. None of these accumulated storage products to the degree seen in phosphate-limited cultures. The majority of nitrate-limited cells looked unhealthy and soon died, although some did show slight wall thickening but did not accumulate any reserve products.
Timing of spore production-A. skvortzowii cell concentrations were measured at selected depth intervals down to 1,400 m at a mid-lake site between Tankhoi and Listvyanka in the south basin (see site 1, Fig. 1 ) every month, or as conditions allowed, from 1994 to 2005. Depth changes in concentration were also made at four other sites in the south basin for shorter periods but they showed similar seasonal changes, so only significant differences are noted in the following description. Typical depth distributions of cells and spores of A. skvortzowii during 1 yr (1997) are shown in Fig. 4 . Ice formation started on 22 January and by 13 March 1997 was 0.6 m thick, with a snow covering that varied between 0.1 and 0.2 m. Underneath the ice, there was convective mixing in the 0-to 5-m layer, which had a temperature of 0.05uC (Fig. 5a) . Cell concentration was then 78 3 10 6 cells m 22 (Fig. 6 ). The concentrations of cells in Fig. 6 are expressed per square meter to take account of changes in the depth of mixing. By 13 April, cells were being mixed down to 50 m and by 22 April to 72 m, when cell numbers reached 5,420 3 10 6 cells m 22 (Fig. 6 ). Ice breakup began on 30 April but mixing depth continued to increase, so by 22 May it was 95 m and cell concentration reached a maximum of 29,200 3 10 6 cells m 22 (Figs. 4a, 6 ). Up to this point, the net population increase of A. skvortzowii was equivalent to a doubling time of 7 to 8 d. However, by 22 May, there were rising losses of cells into deeper layers (see 50 to 250 m, Fig. 4a ) as the depth of mixing increased ( Fig. 5a ) but convection weakened. Even so, concentrations at 250 m were less than 1% of those at the surface.
On 22 May 1977, the first spores were found in small numbers (3% of the population) but by 06 June nearly all cells (95%) in the mixing zone down to 100 m had sporulated. The temperature of this layer was now 3.0uC (Fig. 5a ). Two weeks later (20 June) the whole water column became isothermal (3.5-3.6uC, Fig. 5a ), which meant that convective mixing declined, so spores and remaining cells began to sink rapidly ( Fig. 4b ) and, because of the additional effect of downwelling at this site, were found throughout the water column. In the surface layers, temperatures continued to rise as summer stratification began and by August, no spores were found in the upper 150 m, although some were still present in deeper, cooler layers (cf. Figs. 4, 5) . However, even these had disappeared by 09 September, so no live cells or spores were found at any depth in the water column. Similar seasonal patterns were found in other years (Fig. 6) , with spores and cells absent or very rare in offshore surface waters (0-150 m) during summer stratification.
Resting spores reappeared in coastal areas after late summer or autumn storms. They germinated if nutrients were available (see below) and were then dispersed offshore by currents and gyres. However, in most years, further net population increase offshore was not observed because cells were light limited by the deep vertical mixing (over 100 m, Fig. 5b ) that occurred in late autumn. Net population increase started again with the onset of winter stratification and reduced vertical mixing (Fig. 5b) .
Environmental cue for spore formation-In culture experiments (see above), reduced phosphate concentration was the most effective cue for spore formation. In the lake, phosphate declined to undetectable concentrations in every year studied (mainly due to growth of other diatoms and picoplankton). Nitrate also declined to below detection limits but it did so after phosphate (Fig. 7) , usually when temperatures were already rising. In contrast, silicate declined only in those years with high diatom biomass, i.e., , 1997 ). However, as well as changes in concentration, an important additional factor was the timing of nutrient decline relative to the onset of summer stratification, which is shown by comparing different conditions in 1995 , and 1997 . In 1995 , the diatom population was very low, so there was little reduction in silicate (Fig. 7a) , but phosphate concentration fell to 6 mg L 21 in the upper 15 m by 11 May because of growth of picoplankton. By 04 June, 80% of A. skvortzowii cells had sporulated (Fig. 7c) . In contrast, in the following year (1996) sporulation was poor because phosphate concentrations were still high (31 mg L 21 on 26 June) by the time stratification started (Fig. 7b ) and concentrations only decreased to 10 mg L 21 by 07 July. By then, the temperature at the surface was 11.4uC and only 0.5% of cells formed spores between 06 and 26 June. The final number of spores represented only 1.5% of peak cell concentrations in June. At three other sites in the south basin there were even fewer spores produced. The following year, 1997, was a high biomass year for diatoms and this caused an early decline in silicate during late April and early May (Fig. 7a) . However, phosphate concentration decreased even earlier, from 25 to 7 mg L 21 between 01 April and 22 April (Figs. 7b, 8) . The first spores were found on 22 May (3%) and by 03 June nearly the whole population (95%) had sporulated (Fig. 7c) . Overall, from field measurements, a decline below 15-20 mg L 21 P-PO 4 appeared to be the likely threshold for inducing spore formation but only if it occurred before isothermal mixing, as in 1995 and 1997. If the threshold was reached when temperatures were rising, as in 1996, then spore production was poor.
Resting spores were also produced in low concentrations under the ice in winter. These periods coincided with times of high phytoplankton biomass when phosphate concentrations became temporarily depleted. A. skvortzowii populations were not generally large enough under the ice to affect nutrient changes themselves, but other planktonic diatoms (A. baicalensis, Cyclotella baicalensis, Stephanodiscus meyeri, Nitzschia acicularis, and Synedra acus) and picoplankton did form dense populations that could deplete the nutrients. One such period occurred on 29 March 2000, when there was convective mixing down to 20 m. The majority of cells were in this layer, but, just under the ice, some cells became isolated in a separate circulation (Granin et al. 1999) where phosphate concentrations decreased to 9 mg L 21 P-PO 4 . Spores were then produced that sank through the convective layer but were held up at the thermocline at 25 m, where they made up only a small proportion of the population (1% or 534 spores L 21 ). The other cells did not sporulate because phosphate was available in the convective layer.
Spatial variation between basins- Figure 9 shows the concentration of spores and vegetative cells along the middle of the lake between 30 May and 06 June 2000. Sporulation was complete in the south basin (90-100% of cells) but still in progress in the middle basin (20%). In the north basin, populations were low (1 million cells m 22 ) and restricted to one small area between Elohkin and Davsha (site 3, Fig. 1) . In other years, there was also considerable spatial variation in the success of sporulation. In the middle basin, the number of cells sporulating at the time of isothermal mixing was 0%, 6%, 20%, 99%, 43%, 90%, and 62% on 11 June 1998 , 03 June 1999 , 31 May 2000 , 20 June 2001 , 03 June 2002 , 15 June 2003 , and 20 June 2004 respectively. In the north basin, no cells or spores were found in 1998, 1999, and 2003 at any depth (0-850 m) . Even in those years when cells were present in the north basin, concentrations were low and spore production was poor. For example, by 18 July 2001, when the water column was just past isothermal conditions at 3.8uC (Fig. 10a) , nearly a month after the south basin (Fig. 5a ), only 14% of cells had sporulated of a total of 12 million cells m 22 . A few cells remained in the top 10 m, including a few spores (79 L 21 ), but the main crop sank into deeper water (Fig. 10b) Diameter dependence, resting, and auxospore formationProduction of resting spores was diameter dependent. Cells with diameters at and above 10 mm nearly all produced spores in those years when the phosphate threshold was reached ahead of stratification, but fewer narrower cells did so. For example, in 1994 only 40% of cells narrower than 7 mm produced spores and in 1995 and 2004 it fell to 10%. In cultures of cells with diameters below 9 mm, motile gametes and auxospores (see Fig. 2a ) were readily produced when exponential growth ceased, so the narrower cells were mostly switching to size regeneration linked to sexual reproduction. In the lake, although size-regenerated auxospores and initial cells were commonly seen, motile gametes were much more difficult to identify in preserved samples. However, they were observed once in live field samples (02 June 1996, 7 km from Lystvyanka) when the crop had reached its spring peak (Fig. 5a ). The diameter range of oocytes in Fig. 11 was estimated from valves remaining attached to auxospores and initial cells. Each year the age class lost in size regeneration was replaced by a decline in diameter of broader cells.
Size regeneration followed the decline in phosphate concentration, so was mostly in late May and early June in the south basin (Fig. 12) . However, resting spores and sizeregenerating auxospores were also found during periods of low phosphate under the ice, e.g., 13 March 1997 and 29 March 2000 at the mid-lake site and 11 April 2000 at 4.5 km from Listvyanka. After size regeneration, many spherical initial cells became packed with storage products similar to the resting stages.
Settling and live cells in sediment-At the peak of the main growth period in May and June, cells of A. skvortzowii were usually dispersed across the whole southern basin. Filaments and spores then sank out of the surface waters (Fig. 4b) and gradually disappeared from the water column in summer, with no live spores found in layers down to 250 m in offshore waters during August and September. Although rates of sporulation were often high, many spores failed to survive and many empty valves were found shortly after their production. (Fig. 1f) , so the first two cells had one curved parent valve and one normal valve. After two or three divisions (i.e., four to eight cells), the cells containing the original curved resting spore valves were usually lost. In an experiment in which eight spores were followed individually, the first began to lengthen after 4.7 d and the last one after 9.7 d (mean 6.3 d). In six of the spores, the first division (i.e., presence of a cross-wall) occurred in less than a day after lengthening began; the other two took 38 h and 48 h. Growth rates over five or six subsequent doublings were similar in all isolates at an average of 1.8 d per doubling (both in cell numbers and filament length), with a narrow range between 1.5 and 2.1 d.
To test longevity, some spores were kept in the dark (in unsealed flasks to prevent anoxia developing) at 4uC for 1 yr (until 30 May 1995) . By that time only 31% of spores still had cell contents and less than half of these could be germinated. When put in the light, the first of the viable spores started to lengthen after 4 d and the last after 10 d. The first cell division was in 6 d. Thus, times to start lengthening were similar for spores whether kept in the dark for 2 or 12 months. After 2 yr, spores kept in the dark could not be germinated. However, spores that were kept in dim light but nutrient-limited media were still nearly all viable after 2 yr (June 1995 to July 1997).
In the lake, newly formed spores were often found germinating (forming up to two or four cells) once they sank into deeper, nutrient-rich water. To test whether light or nutrients or both were involved in triggering this, spores that had been stored in the dark in nutrient-deficient media were divided into two groups; one group was placed in new media and illuminated while the other was also put into new media but kept in the dark (Fig. 13) . The spores in the light germinated most quickly, taking 1.5 d to start lengthening compared with 5 d for those in the dark. The initial growth rates in both were then similar and some of the fastest recorded, doubling in less than a day for the first two to three divisions. Then there was a marked difference. The cells in the light continued to grow and divide rapidly but at a rate (doubling time 1.5 to 2.0 d) that was similar to growth rates obtained in other culture experiments. In the other group, the spores in the dark managed to form four to six cells but then stopped lengthening or dividing (Fig. 13), i. e., the spores had sufficient reserves for two or three divisions.
Discussion
During summer stratification, temperatures in the surface layers of Lake Baikal become lethal for A. skvortzowii (Fig. 3) . Also, nutrients decline to undetectable concentrations (Fig. 7a,b) , mainly because of picoplankton growth (Nagata et al. 1994; Belykh and Sorokovikova 2003; . Therefore, a resting stage helps A. skvortzowii survive these unfavorable conditions but successful sporulation depends on having sufficient time to switch resources and prepare for dormancy. Cultures with high growth rates (doubling every 2 d) took 9 d to complete the morphological changes and build up storage products. In the lake, where doubling times during spring mixing could be more than three times longer, sporulation sometimes took up to 3 to 4 weeks to complete. Thus, for successful sporulation, an early signal of environmental change is required. McQuoid and Hobson (1996) summarized the wide range of cues used by diatoms for resting spore production, including those in marine coastal waters, where nitrate is frequently important (Kuwata et al. 1993; Kuwata and Takahashi 1999) . However, although low nitrate did initiate some spore production in cultures of A. skvortzowii, low phosphate was more effective, with nearly all cells successfully forming spores. In the lake, phosphate reached the threshold concentration for sporulation ahead of stratification in 9 of 11 yr in the south basin (e.g., Fig. 7b ). In contrast, the nitrate decline was usually later and occurred when temperatures were already rising (Fig. 7) . At other times of the year, such as under the ice, spore formation also occurred when there was a decline in phosphate concentration during periods of high phytoplankton biomass (e.g., March 1997 and April 2000) . The resting spores either sank to the bottom inshore or were held up at the thermocline offshore. Armand and Zielinski (2001) discussed a similar situation in winter resting stages in Rhizosolenia in the Southern Ocean, where they suggested that heavily silicified single cells did not sink to the sediment but only to the bottom of the mixing layer or pycocline.
Resting spores germinated if they settled into deeper, nutrient-rich water, where they then died because of lack of light. Therefore, no live cells or spores were generally found in the water column by September. This contrasted with the other major endemic members of the open-water phytoplankton (A. baicalensis, C. baicalensis, Cyclotella minuta), which could be found in cooler subsurface layers (Jewson unpubl. data ). An alternative site for dormancy is the sediments, where settling and resuspension of cells is well known in lakes (Lund, 1955; Jewson 1992a; Schelske et al. 1995) and now is also being shown to be important for coastal marine populations (McQuoid 2002; McQuoid et al. 2002; Ishikawa and Furuya 2004) . McQuoid and Godhe (2004) , in a study of recruitment in a fjord, stressed the importance in seasonal studies of including both sediment and planktonic ''life history stages,'' concluding that ''a benthic resting stage offers an extra level of insurance for survival of a species.'' Investigations of Baikal coastal sediments (0-25 m) in summer found high concentrations of spores at 10 to 25 m. These depths remain cooler and can still be reached by wave action (Rzheplinsky and Sorokina 1977) , as the maximum wavelengths in Lake Baikal approach 66 m in 20 to 25 m s 21 wind speeds. In such high winds, the depth of bottom disturbance (l/2) could reach 33 m in localized areas but more generally, sediments down to 20 m are more likely to be the main zone for resuspension during winds of 10 to 15 m s 21 . This area is approximately 2,380 km 2 or about 7% of the lake bottom (see Kozhov 1963) . However, not all this area is suitable, as much of it is rocky, but, even so, sandy coastal sediments and embayments represent a large area of potential ''seed bank.'' A big advantage of using coastal sediments for dormancy in Baikal is the relative narrowness (20 to 40 km) of the lake compared to its length (636 km). This increases the chances for both deposition and resuspension. In one study of coastal processes during late spring , filaments trapped in the circulation on the shoreward side of a thermal bar were found in higher concentrations in currents descending over the sediments, which would increase their likelihood of settling. After storms in autumn, A. skvortzowii populations can sometimes build up quickly in the favorable light climate inshore, doubling every 2 d, if nutrient availability allows germination (Fig. 13 ). Currents and gyres (Shimaraev et al. 1994 ) then carry cells offshore, allowing them to recolonize much wider areas, but, because of the poorer light climate caused by vertical mixing to over 100 m, net population increase slows and cell division may be assisted by using stored reserves (Fig. 13) . These reserves may also help longevity but in this study most spores stored in the dark lost their viability after 1 yr. This is less than the 2 yr found in stored spores of some marine species (Hollibaugh et al. 1981; McQuoid and Hobson 1996) . However, nearly all spores of A. skvortzowii were still viable and in good condition after 2 yr when stored in low light but nutrientpoor media to prevent germination. It is possible that such conditions might occur in shallow coastal sediments and help survival over much longer periods.
Long-term studies of planktonic diatoms in the south basin of Baikal show large annual variations in peak numbers (Antipova cited in Kozhov 1963; Bondarenko 1999; Popovskaya 2000) , with densities of A. skvortzowii often having a periodicity of 3 or 4 yr.
An important contributory factor to this variability is the cyclic process of diameter reduction and size regeneration, which is often overlooked in diatom population studies (see Jewson 1992a,b) . In most centric diatom species, it is a clocking mechanism allowing the buildup of numbers asexually over several years, with a switch of resources to sexual reproduction once cells are below a given size threshold (usually less than half the maximum cell diameter). To ensure correct seasonal timing, an environmental cue is also required once the cells are below this threshold. In A. skvortzowii populations, low phosphate concentrations that induced sporulation in widerdiameter cells above 10 mm also caused a switch in narrower cells to gametogenesis and size regeneration (Fig. 11) . In A. skvortzowii motile gametes and oocytes were often observed in cultures once exponential growth ceased. However, although we are still uncertain about the extent of sexual reproduction in the natural system, we can see the impact of the clocking mechanism (size decline followed by size regeneration) on population dynamics because the narrower-diameter cells are usually the most abundant size class (see Fig. 11 ) but size-regenerated cells represent only 1-2% of the total. This causes a marked shift in size distribution of the population of A. skvortzowii (Fig. 11) between April and the end of growth in May, with loss of smaller-diameter cells. Thus, the most abundant size class does not contribute any further to vegetative division. By the following year, cells in the narrowest-diameter size range are replaced because the mean diameter of larger size classes decreases. The size threshold for inducing size regeneration is about 9 mm and is reached about 3 or 4 yr after size regeneration takes place, under normal growing conditions. This is equivalent to between 24 and 32 divisions. Overall, the size distribution of the whole population of A. skvortzowii in Baikal is made up of overlapping year classes. This can result in cycles in abundance of 3 to 4 yr that are largely influenced by the reproductive success of earlier years (e.g., 1994 to 2000). However, this underlying pattern is not always seen because the population can also be influenced by other factors governing population dynamics, especially grazing but including nutrients, parasitism, ice conditions, and sporulation success.
Although low phosphate appears to be a reliable cue to initiate sporulation and size regeneration, the studies of A. skvortzowii in the north basin show the limitations of this adaptation, particularly the risk arising from reliance on other algae to reduce the concentration before temperatures rise. In the north basin, few spores were found (Fig. 9) because the decline in phosphate concentration was often insufficient to reach the required threshold for morphological change. In an earlier study, Goldman et al. (1996) had also found no evidence of nutrient limitation of the spring crop in the north basin. Phosphate concentration does decline in the north basin but it is often after isothermal mixing, when temperatures are rising (e.g., Fig. 3 ). Thus, with the timing of the decline unreliable, A. skvortzowii is on the edge of its survival limits there. In particular, the resulting low recruitment makes it difficult for the population to sustain itself. Instead, it seems likely that the intermittent appearance of populations in the north basin results from reseeding from the central basin. Shimaraev et al. (2003) have calculated that the water exchange between the north and central basins is about 240 km 3 yr 21 (about 2% to 3%) and between the southern and central basins is 90-130 km 3 yr 21 . These estimates are for water at all depths and not just surface waters containing phytoplankton, but it does show that although the importance in any one year is probably low, over longer periods it may be sufficient for wider dispersal and survival of the population.
Not all cells of A. skvortzowii formed resting spores under stress; a few formed resting cells (see Fig. 2 ). This duality is also found in a marine planktonic diatom Chaetocerus pseudocurvisetus, for which Kuwata and Takahashi (1999) showed that the option of forming either resting cells or spores can be beneficial at different times of the year in fluctuating nitrate conditions, with the trade-off that resting cells begin growth more quickly than spores but they do not survive as long when dormant in the water column. In Baikal, resting cells rather than spores were mostly formed when cells were trapped in the dark below the euphotic zone. The resting cells are a short-term option in aphotic conditions, with the big advantage that they do not switch on again if they sink into deeper water, where the higher nutrient concentration causes spores to germinate and then usually die. Essentially, it means that resting cells of A. skvortzowii are formed after a change in conditions, whereas resting spores are initiated by a cue that precedes change. Thus the latter gives time for laying down storage products, which can be used for both survival during dormancy and also as an aid to cell division after germination (Fig. 13) .
In summary, A. skvortzowii has a life cycle suited to the environmental conditions in Lake Baikal. In particular, the resting spore helps A. skvortzowii survive periods of lethal temperatures and low nutrients during summer by lying dormant in shallow coastal sediments, where it can avoid the problems of dissolution that occur in open waters. A. skvortzowii then relies on resuspension and dispersal by currents and gyres to recolonize the offshore waters each year. A disadvantage of spore formation is the relatively long time needed for production, which means that it is necessary to have an environmental cue well in advance of any change in conditions. A. skvortzowii relies mainly on low phosphate concentration. If phosphate does not decline or only does so once stratification is underway, then fewer spores are produced (Fig. 7c) and there is also less recruitment through size regeneration. This makes populations less able to sustain themselves, which is presently the case in the north basin. However, from paleoecological studies, we know that there have been times when A. skvortzowii was abundant there for long periods (Bradbury et al. 1994; Bangs et al. 2000) , suggesting that the decline of phosphate concentration in the north occurred later. It is important to realize that this critical relationship with phosphate would be missed by the correlation analyses presently used by many studies for investigating significant variables. The results from the north basin also show the benefit for long-term survival of living in a complex habitat like Lake Baikal, which stretches over 636 km and three basins, i.e., there are likely to be refuge areas with the right conditions somewhere. It is only through long-term multidisciplinary studies that we can begin to understand fully the ecological niches of individual species and how they interact with other phytoplankton in the same community. Thus, although A. skvortzowii can be found growing offshore together with other species in spring, for the rest of the year it has a quite different ecology.
